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Vi< s^bowtd it«tnc] cl at a targeted null mutation i.i 
the sis;er«l <!amei" orotem 2-/ster()i carrier nr<»- 

tejn X sjtiie St/}2i Jtad to defective pero\j>som3l caf ib 
oiism oi ;i,v.ll,15-tetra!nethyl}iexadecanoM; acid (phy- 
tanic <i(id perojfisonie pi-oiik tacujii, h pohiHdcuia, 
and enhanced hepalK ex rc-sion ol e\eialgejie that 
ha\e been demt ii listed lo be tran (nptionaily regw 
lated by tne peroxisome proliierator-activated receptor 
a ^PPARa;. As a broad range of fatty acids activates 
PPARa m vitro, we examined whether the latter effects 
( ou d be bet ause of phvtamt acid-mduced activation ot 
tl sii p OA K o Oictavy phyto! ssupplomenta 

Uoia\4 iu>std to <«oduf li-fc the co ce t at on o ph\taiiie 
a( id in CSIBUS and S(p2 (-/-> mice. We found that the 
serum concentrations oi phytanic acid correlated well 
with the expression of genes encoding peroxisomal /3-ox- 
idation enzymes and liver fattv acid-bmding protein, 
which ha\e all been demonstrated to c( rttaisi tunctiOH 
ail aehveperoxi < me prolsfei. tot t< spous< « It t le i ts i i 
t ei pioiiote egio s Ii aeoorddi<.< \ jtVi th^M iiriii 
mgs a ^iimuEaling eifec i on it ( o\ oxidase gene ex 
pressjon \\as ako observed aftei mcKbacion of the rat 
hepatoma eel line MHICI with phvtanit acid >Iore- 
o\ei, leportei gene studies ie\eaied tbac phytanic acid 
induces the expression oi a peroxisome proliferator re- 
sponse element-dnven chloramphenicol transferase re- 
porter gene comparable with strong peroxisome prolit- 
eiators. In addition, the abilitv of ph tanicacidtoacta^* 
an mductoi of P'VRa dej cndent gene exp cwoi coi 
le ponded witi hi3> i at m tv bi in% ot its sl«taiy 
bisnchet ch. sit fitt-v « id 1 itcombin ni 'IWXia Vie 
conclude that pi ta i c at id ca be eo i«!idered a^s a boi a 
fide physiological ligand of murine PPARa. 
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acMvait^d rijct'iJlor <» (Pl'Aiid;^ and rtit!nt)id X receptor a 
RX a ( ic 1 I btrs of the '.uierfcrruU ol nu 

cltiiir htirniont; rtict:j)tors tiiat tunctiori as ligand-aependtJnt 
transcription factors (2-5;. HXRo/PPAKa htstertxiimers aittir 
the transcription of target genes after binding to PPREs, which 
con'-'s* fa le^tn J d*e direct t£ peat (f U « tcttv ■^loim*] 
IGACCl wJ^tt'i 1 1 1(. , ed D-n enei- 

i2 i) it] 1 » il tti PPKL■^ 1 cbttnidco! cd«ithn 
the contro; regions of vanoiis genes imphcated m hioid metab- 
olism i.overview m Ref. 6). The finding tnat several endogenous 
uii>-a<-uiated fati acid si.cha o eic •^cid •^rac idoucacid or 
hnoleic acid activate rrAita m vitro supports tne assumption 
tha' fat'v aud could rtpie^tn' biolof^ical 1 p-ai^a "or tiis n 
clear normone receptor ;3, 7-10). It has oeen suggested that 
tatt\ ( Kfi ( i ^mtionotgent in-voKed m their 
OMnn a I 1 )i 1 111, pPARa (7) On tne o'iici hand 
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hio'her extfsnt than all 
t 1 c 1 ! 1 1^ th it Hk spicifjcitv of th( tatty 

at ( -t(dji tdcfttttci) H \Kana\ OS low(Q 10) Ihtnfon it 
ta^mt t be excluaed tha*- *-h£ st <i^uii^-~ s txen t 1 e > t * "ec'-s i idi 
rectly bv either being metabolized m the cell to an active form 
or bv ipduc ng t it rtlea'-e or '-.nthesn of i cu i non e v. fee 
noii.s ligand (9. 10!. 

terul !!iw ole 1 2 SCP ) -11 ten! iiiw ote i ? 
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lene via alternative transcription initiation (11). 
I vitro data, it was assumed that »C±'2 may play a 
1 intracellular cholesterol trafficking (reviewed m Ret, 
le'-t '^ SCPx V s (<evt ficd pe'oxi on I 3 be* at-i) 
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peroxisomal degratiation of certain natural methvl-briinchtsd 
tatty acyl-Ct)As such as phytanic and pristanic aciti, which arts 
rnetabol ^ed n fi,'ox!sorie'~ Tht rrn+i o!i< ''•i^ > i < e-^\ ^ e 
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tt Icedi V init itb i b u.t(.s (b t ) b( u t - •, i i 

the rrARa knockout mice indicated that the fibrates exert 
their effects through PrARa (16 (. we investigaieG whetner 
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(19. 20). 
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pe ox «o nil p-ox at cn^t c>]C'^x(' 'SCO 
peroxisomal oifunctional enzyme, peroxisomal is-ketoacvl-UoA 
tniolase). and nver fattv acid-bmdmg protein. In addition, we 
de-r t T e t'' t pb nn It d t ot rlj b d to c OTb 



FFAK I 



expri 



t K[ F ri 



0 



loloiricai iiganci tst i't'ARa is oi s 
liition of this dietary fatty acid 
I. -I--) mice but also in several inherited human diseases, 
Refsum disease and Zellweger svnorome (21). 
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(*,»♦} afta* H->t*«>w <«*tj*y*!»J (^j-}j*y«o< 

1' E(j. I. Expression of PPAKa-dependeiit geaes correlates with 
phytanic acid serum conceiitrations. A, NocUicni bi..;. uiuivKcs 
with poIyvA)'' ENA from hver of hcp2 (-/-) and wild type mice (+/+) 

I oA ihuiLase; ij-l Atir, livcr iiiUy acid biiidms; proloiii. /}, phytanic acid 
eoneentratioiis in sura imm hep i - /-- i and wild type i, + / i ) iiiiee. itesults 
are expressed in fitnol/liter. Quantification and identification was per- 
for'iiiod :sb (lencnhcd previously i U i. 

X) ^-. - > hcT tiMi > i.R(* hi accordanco wirh 
' ' M id 1 ^^ . ^ <(. round £j 3- ■,() 4-lbid 

^ 1.^ i ^1 I \ xpn.ss.or £srr;c!r inciibation ofMHlCl 




f lG. 2. Induction of ac^'i-CoA oxidase mRNA in the rat hepa- 
toma cell line MHICI. Cells were inciibated for 72 h with 250 jiM of 

bridizatioQ with rat gLyceraldehyde-S-phosphate dehydrogenase 
(GAPDH) cDNA was performed to exclude iane-loadmg differences. 

cells with 250 phvlanic acid for 3 days (Fig. 2). The increase 
■ iM ACO i^iKXA oxo!i.'ssi.!ii V 0- more pronoxinced than that 
(ibtaiiicd artur mcuaai ion v-; this cell line with 250 /am bezafi- 
arciie ^z- to .i-loiai but iesb. prominent than that obtained with 
2.'j0 jLtM W.v 14.643 14- to o-ioldi (Fig 2). 

To gain further insights into the mechanism of phytol-m- 
duced modulation of gene expression, we treated Scp2 (-/-) 
and C57BI/6 mice with bezafibrate and 9-c;* KA and compared 
.'\C0 gene expression in their In-ers w\th the corresponding 
ctfctts of dicta.'-v Dhytol adiviinstrttion Rt /-i.'ibr.nr h.,. ocen 

KA was idtrntified as a wi-.ak activator of KXK« !17, IS). As 
evident from Fig, =-5, tniB-tiTietit of Scp2 ■,-/-- ) [ind control iniee; 
With 9-us RA alone stnotiiati ■] ACO gei.o t M>'i -khi fiily v..r) 
modf .'■atsilj', leading to a 1 5- fold :nire-.isc that was not ■^tatis■ 
ticallv significant. Most efficient stimulation of ACO gene ex- 
pression was observed in Scp2 ( -/- ) mice that had been 
treated with either phytol or bezafibrate tFig. 3). However the 
sirnult.iiU'f'O'^ n.Vn.ii.^tr-ition of 9-cis RA and bezafibraU to 
Scp'2 I / ■ .J u! ((.i-i!;!)! .nif!< did not lead to a synergistically 
euhjiKt d AC"! t;t i-it uxpiu'-'- on that was observed in rat hep- 
atocyte cuitures (19. 2U.i. 

These results pointed to similarities that seemed to exist 
between the effects of dietary phytol intake and treatment with 
bezafibrate The good correlation between plasiria phytanic 
acid concentrations and expression ot PPARa target genes led 
to n«r aypotiies:b Thar ti.is totry nud iTiav t^t as a dirtct ns^^omst 
of PFAKa, ospeciaily &s it has beon dnnonhtiatfd H.at a b'Oid 
range of fattv acids biocN '(■ anc' ricf)^ ii-.-Tc' t-"s n.n 
fecription factor (3, 7- 10 1 roi."v li iaU-'iii' 'ivijuf'i vvc tested 
binding of ph>t,anic acid i .(i(.rr)i la'n gltU'tb.oi ■> ^' nans- 
ferase./miirine PPARa ligand binding domain fusion protein 
(GST,^BD-mPPAEa) and compared its affinity with a number 
of well characteiij;odPPAKa activators Wc uk d a lloorc s( eius 
binding assaj' m which increasing concentrations of frofis-pari- 
naric acid were incubated with a constant amount of GST/LBD- 
mPPARa fusion protein. The assay takes advantage of the 
known fact that binding of ira ?is-parinaric acid to proteins 
changes its spectral properties, leading u> sC!is.ti.-.ed H lou — 
cence with a maKimum ax a wavelength of 412 nm (excitation at 
320 nm) (24). As is evident from Fig. 4A, saturable binding of 
fra«,s-pannarie acid to the puntled GST,''!EjBD-mPPARa fusion 
protein could be den oi 4rjx,.fi l-i co.rr.ist ','>.-parinaric 
-i( d did nc.t bind to Ofrif.ed reco.nbn.aiit (5RT, thus excluding 
the possibility that the (JST part of the fususn protein contrib- 
uted Higniticantiy to the binding activity i26). 
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Fig. 3. Induction of acyl-CoA oxidase mRNA ii 
wild type mice (+/+). Mice of both strains w 
containing 5 mg/g phytol or 2.5 mg/g bezafibrate a 
"Experimental Procedures." 9- ~ 
peritoneal gavage of 10 /xg/g o 
was isolated, and Northern bli 
in Fig. 2. Results arc given 
expression level oKserved in v 
(control). 



To coinijart- the bindirig affinities of several known PPAIia 
activators wiih that of phytanic acid, we performed competition 
experiments. As shown in Fig. 4B, Wy 14,643 revealed the best 
displacemeri* of frare.s-parinarie acid from GST/LBD-mPPAEa 

fusion protein and thus the highest binding affinity. Surpris- 
ingly, the natural branched chain fatty acid phytanic acid 
bound to recombinant mPPARa far better than the well known 
PPARa activatorft bezafibrate. arachidonic acid, and palmitic 

that erucic acid does not activate PPARa (7. 10). we observed 
no displacement of fmn.s-parinaric acid fi-om. GSmBD-mP- 
PABa fusion protein after adding this very long chain fatty acid 
and, thus, no binding. 

The ability of phytanic acid to induce the (sxpression of a CAT 
reporter gene ]inke;d to a PPRE was exaitiined by a)-transfec- 
tion of HepG2 cells with o mPFARa-cjxpressing pfasniki f5. 23). 
The addition of PPARa ligands to the; culture msidium at a 
.•.■■Miceut la'i'iii ofl^OO /x.\i i.araciiidonic acid. 100 jlim) revealed a 
strong correlation between the binding affiiiity of the com- 
pounds toward mPPARa and their respective frafw-activation 
ablht^'. The adt>iinislration of Wy 14.643 led so a 10-fold in- 
crease in CAT expression, followed by phytanic acid (6.5-fold), 
bezafibrate (4.0-fold), arachidonic acid (.3.1-foid), and palmitic 
acid (2.2-fold) (Fig. 5). Therefore, phytanic acid is not only a 
high affinity ligand but also a potent activator of murine 
PPARa. 



,ve demonstrated that Scp2 (-./-) mice 
imal cataboiisin of phytanoyl-CoA (14). 
iai rok- played by tiie two &p2-ciicoded 
lid SCPx, whicii are both iocalized in 



enily because oi' absence of dit- 3-ket!)pri>i::ii".)y! i;'(.A i iiii^ia^e 
aciiviiy lhai was shown lobe associated with SCPx (.13, 33, 34). 
In addition to the metabolic defect, we observed profound per- 
oxisoF!ie proliferation, hypolipidemia, and increased expression 
of genes encoding proteins that function in peroxisomal and 
aiiiDchoiidria; j3-o\:daiion (14). The purpose of the present 
wiifk wa.- to ubaractcrize the latter effects of the gene disrup- 
tion in more detail. 

In vitro data pubhshed earlier (17, 18) showed that phytanic 
acid behaves like a weak activating ligand of RXRa and thus 
may act as 9<is RA-iike a(?onist when present in high concen- 
trat,,>i,-, Rrcai!se KXR« nil ■.ibiigLif.iry partner in PPRE-de- 
pendenr. siene expression (2. 3), we initiaily considered that the 
(iffects on geiie (ixjircjssion in Scp2 mice were because of 

cnhaiiccd actjvatiou of RXRa m ihis transgciiic uiodel. How- 
ever, the evidence that we present in the current itianisseript 
does not support this hypothesis, as foikfws, 1? Aovsluiotion of 
9-fis RA to control mice did not induce AGO gene expression, 
alth(iugh 9-i-ts RA has been demonstrated to l>e ;■ ;":)tent 
activator of BXRa than phytanic acid. 2) A 
RXRa agonist 9-cis RA to both strains of mi 



a of the 



cp2 ( 



. The 



the effects observed m Scp2 (-/-) mice are because of phytanic 
acid-mduced activation of RXEa. 

Because a broad range of fatty acids has been shown to 
aaivate PPARa in vitro (3, 7-10), we investigated whether the 
enhanced hepatic gene expression in our mouse mode! could be 



a conformational change that enables the; protein to interfere 
with basal transcription machinery ',35), The DNA binding 
affinity of PPARa is also enhanced in the presence of ligands. at 
least if the receptor concentration is limiiing i7). Therefore, 
ligand binding is a necessary prerequisite for the activation of 
PPARa-dependeiit gene e.^pt-ession. We measured the ability of 
phytanic acid and several well known PPARa activators to bind 
to a recombinant GST/XBD-mPPARa fusion protein. So far, 
!;ga!"id.s of mufine and Xeaopus PPARa have been primarily 
idrniifird b.- ■i'<\irvv'. bi.'-iding assays, in which the ligand-de- 
pendent DNA binding activity of PPARa (7) or the ligand- 
induced activation of coactivator proteins (9) were measured, 
.fiTrf-vaiues have only been reported for the few cases in which 
radiolabeled hgands were available flO. 36), The t'-afis-pari- 

-i]\-wed IS to 3d^^t!t^ direct 'jind ng 1 sands to tl -i nolo 
GST/LBD-mPPARn fusion protein Fnrtiierraore, actual /<"„,■ 
values for the ligands could be obtained using a Marquordt 
algorithm. For Wy 14,643, a value of 4 nil was calculated, 
followed by phytanic acid (10 nn), bezafibrate (45 um), arachi- 
donic acid (83 nM.i. and palmitic acid i.lOO nM). 

The affinities for straight chain feity acids in binding to 
PPARa were found m the range of their respective physiologi- 
cal serum concentrations (-30 /i-m) (7. 10). Because phytanic 
acid bound to the recombinant GST''LB.D-niFFAi.<u' ru-.!!jn ii.-o- 
tem with at least one order of magnitude higher affinity than 
palmitic acid, one might (consider that this dietary fatty acid 
also binds within its physiological scrum concentration range 
n 3 -6.5 /xmH J7). The direct bindi!^■^ of pliytanic acid ti 
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Fig. 4. a, binding of fra/ts-parinaric 
acid to a recombinant expressed 
GST/LBD-mPPARa fusion protein. 

GST/LBD-mPPAEa fusion protein or GST 
alone were dissolved in phosphate-buff- 
ered saline (0.1 to 0.4 /j,m) and titrated 
with irans-parinaric acid. Emission was 
monitored using a fluorescence spectro- 
photometer at a wavelenght of 412 nm 
(excitation wavelenght 320 nm). B, dis- 
plucenieiit oi <ra;is-parinaric acid bound 
to (lS'r/l,i!l) ml'PARa: fusion protein by 
peroxisome proliferators and fatty acids. 
The fusion protein was saturated with 
iro/is-parinaric acid followed by the addi- 
tion of various ligands dissolved in etha- 
nol. Results are given in percent displace- 
ment compared with Wy 14,643 ( = 100%). 
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100 200 300 400 500 600 700 
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1- lot iitvossa Is itfiLvOil 0 a ujoimon i,iHlo/cni>us ii/a!id 
tnat mediates the effects ot the structural diverse PPARa ac- 
i. The bmdmg affinities of the compounds toward the 
t (3ST/l.BI)-mPPAB.(» fijsj(in protehi wirrcspondcd 



> (consistent with the /mfw-activation abihty of the 
compounds. 

For several reasons, the identification of' phytanic acid as a 
PPARa agonist is of special interest. First, Dh3'tanic acid does 
POt onlv affunrjljte m Seyi f-/-> mice bir i -i.c-c' 
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of .(t V J (M « 1 1 I 1 ) 1(1 1 I 
puvious ii idir \i( 1 i( ii ) 1 j3 

Co'V h()iis( tKNAi vdl isti/ 111 It K^i < 111 . 
diiaibutyi> CoAdch uiogi-i3^>i« Jbdi isticdll i,rhiti,«.un iie 
liver of Scp2 (-/-.i mice (14;. The phytanic acid-mduced ex- 
pressjo'i of genes encoding mitochondrial and peroxisomal 
/3-oxicatiOf! C!Fizymes might also explain me observed hvpoiipi- 
dciYiia i!i iscp'2 (-/- ) mice (14). Therefore, phytanic acid could 
serve as n ilictary signal leading to the induction of tatty acid 

A<>t, ,wl <i — U iXiHok P R HoJden i/t-recq M»tdp-,fie i 
Ch-siiuMdi p\ idii il •.mldncD^f^^ mPP'^RaQndB Clis qrd « 
I u i nl 11 „ fii ^\ I hncM is t^i 
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Fig. 5. Activation of a CAT reporter gene linked to a PPRE. iiiul WaliH. vv. i!)f>7) M„L EndniTbinl i i. 77i3-7Sl 

The pCAT-iPPRE reporter gene construct was co-transfected with a iO. Kiitwfi-, H. A., t^unseth, S. S., .Jo.ies, S. A., Brown, P. ,J., Wisley, O. B., Koble, 
mPPARa-expressing vector in the presence of a P-galactosidase control ^ . i.«:v.;;iK:it:, r., Wahh, W WHo 1 M Lenbird \1 , anu 

vector. Cells were incubated for 42 h with 200 fill indicated compound. l.«:::;:iui:;, , .V««. A,,-ad. S:u. U. S. A. 94, ^.J18-4.3Ai 

d ol ed n W Me^SO (arach don c ac d 100 fiM) CAT and ^ galacto " ^ 14 ^ ^ ^ ^ ' 

sidase expression was measured from cell lysates of treated and un- w'-' - K V * '^"- -^ " ■> / ^"4 "'3 '>->o 

treated cells. Results are given in normalized CAT expression relative 13 c,.,(i„.*- ?; i),»,,„k p £„„,! !• *.,„,.,„„ l? a^,,,,^,,,, (i qcig^ j 
to untreated cells. iiu.n 2«8 2r^77.-'3i2S.i 

14. Seedorf. I!.. Raabe. M.. Eliinehaua. P.. Kannenberp. F.. Fobker. SI. Enpel... T.. 
Denis. S.. Woutera. F.. Wktz. K W. A.. Wanders. E. J. A.. Maeda. N.. and 
Assmann. fa. ;199»i Genes Deo. 12. llri&-12ul 
human PPARa witil n mm oarnbiP nffir^itv n^. ti-> miiritie 15. Dwivedi.ll.S..Alvai-es.K.Nemali.M.ll..Subbafao.V..lleddy.M.K.Usman. 
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described as PPy\B,a activators without beina substrates for 
peroxisomal degradation, On the other hand, very lonjr chain 
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